Ground state properties of SiC, AlN, GaN and InN in the zinc-blende and wurtzite structures are determined using an ab initio scheme. For the selfconsistent field part of the calculations, the Hartree-Fock program Crystal has been used. Correlation contributions are evaluated using the coupledcluster approach with single and double excitations. This is done by means of increments derived for localized bond orbitals and for pairs and triples of such bonds. At the Hartree-Fock level, it turns out that for SiC the zincblende structure is more stable although the very small energy difference to the wurtzite structure is an indication of the experimentally observed polytypism.
I. INTRODUCTION
SiC and the III-V nitrides (especially GaN) are the most promising wide band-gap semiconductors for short-wavelength optoelectronics and for high-power, high-temperature microelectronic devices 1 . But it is difficult to grow high-quality single crystals of these materials. This is due to the polytypism occurring between zinc-blende (ABCABC... sequence along the 111 direction, see Fig.1a ) and wurtzite structure (ABABAB... sequence along the 100 direction, see Fig.1b ). SiC shows many more complicated stacking sequences built up as a mixture between the fully cubic structure (zinc-blende) and the fully hexagonal structure (wurtzite) with different percentages of hexagonality. Therefore it is important to understand the bulk properties of these materials, from a theoretical point of view, at least for the two simplest structures (zinc-blende and wurtzite).
Over the past decade, ab initio calculations based on density functional theory with a local-density approximation (LDA) have been performed for these materials. In some of them, the energy differences between the zinc-blende and the wurtzite structure have been evaluated 2, 3, 4, 5, 6, 7 . There is no possibility to measure these energy differences, thus a complement by -and a comparison with -other ab initio methods is desirable. Ab initio
Hartree-Fock self consistent field (HF) calculations for solids 8 are feasible nowadays, using the program package Crystal 9 . They have the merit of treating the non-local exchange exactly although lacking electron correlations per definition. In LDA calculations where both exchange and correlations are covered in an implicit way, a systematic improvement towards the exact results appears to be difficult. Treating the non-local exchange exactly yields a better (microscopic) understanding of the electron interaction in these materials and, at the same time, leads to a good starting point for a post-Hartree-Fock correlation treatment.
Electron correlations can be taken into account explicitly using many-body wave-functions of the configuration-interaction or coupled-cluster type. These methods are well developed for finite systems like atoms and molecules. Infinite systems such as solids require a size-consistent approach which is achieved at the coupled-cluster level. Because of the local character of the correlation hole one can expand the correlation energy of the solid in terms of local increments 10 . The idea thereby is to determine the required matrix elements by studying local excitations in finite clusters which are accessible to a full post-HF quantumchemical treatment. We apply this idea to the zinc-blende and the wurtzite structures of the title materials.
In the first part of this paper we want to report on Hartree-Fock calculations for SiC, AlN, GaN and InN using pseudopotentials and optimized gaussian basis sets for the zinc-blende and wurtzite structure (Sec. II). The method of increments, which is briefly described in Sec. IIIa, is extended to the wurtzite structure; computational details are given in Sec. IIIb.
We discuss results for the energy differences, the lattice parameters, the cohesive energies and the bulk moduli in Section IV. Conclusions follow in Section V.
II. HARTREE-FOCK CALCULATION
The periodic Hartree-Fock method as implemented in the Crystal92 program 9 is used in our calculations. The problem of accurately calculating the Coulomb and exchange contributions to the Fock operator is addressed by taking very tight tolerances in the evaluation of these series, which lead to convergence of the total energy to about 10 The geometry optimization is performed as follows: For the zinc-blende structure there is only one free parameter, the cubic lattice constant a zb . This is varied in steps of 1% of the experimental value. Six points are calculated and a quadratic fit is applied to determine the position of the minimum and the curvature.
The wurtzite structure has three free geometry parameters. In the first place, the two lattice constants a w (in the hexagonal plane) and c w (perpendicular to the hexagonal plane), or one lattice constant and the ratio The ideal value would be 3 8 ; a deviation from it corresponds to a change in the bond angle away from the ideal tetrahedral one. We optimize all these parameters in the following way:
First we vary the volume of the unit cell in steps of 1% and determine V min , then, for fixed V min , we vary the ratio and V , which in general is very small.
III. CORRELATION CALCULATIONS A. Methods of increments
Here we only want to sketch the basic ideas and some important formulae of the method of increments. A formal derivation and more details of the method for an infinite periodic system can be found in Ref. [ 16] . The method relies on localized bond orbitals generated in a SCF reference calculation. One-bond correlation-energy increments ǫ i are obtained by correlating each of the localized orbitals separately while keeping the other ones inactive. In the present work we are using the coupled-cluster approach with single and double substitutions (CCSD). This yields a first approximation of the correlation energy
which corresponds to the correlation energy of independent bonds.
In the next step we include the correlations of pairs of bonds. Only the non-additive part ∆ǫ ij of the two-bond correlation energy ǫ ij is needed.
Higher order increments are defined analogously. For the three-bond increment, for example, one has
The correlation energy of the solid is finally obtained by adding up all the increments with appropriate weight factors:
It is obvious that by calculating higher and higher increments the exact correlation energy within CCSD is determined. However, the procedure described above is only useful if the incremental expansion is well convergent, i.e. if increments up to, say, three-bond increments are sufficient, and if increments rapidly decrease with increasing distance between localized orbitals. These conditions were shown to be well met in the case of elementary semiconductors 16 and cubic III-V semiconductors 17 .
B. Computational details
We apply the procedure described above to calculate the correlation energies per unit cell (u. The weight factors of all increments considered for both structures are listed in Table II .
Since (dynamical) correlations are a local effect, the increments should be fairly local entities at least for semiconductors and insulators. We use this property to calculate the correlation energy increments in finite clusters. We select the clusters as fragments of the zinc-blende and wurtzite structures so that we can calculate all two-bond increments up to third-nearest neighbours and all nearest-neighbour three-bond increments. The clusters used for the zincblende structure are shown in Fig.2 , those for the wurtzite structure in Fig.3 . In the zincblende structure all bond lengths and bond angles (tetrahedral, Θ=109.4712 • ) are the same.
As mentioned before, in the wurtzite structure the vertical and planar bond lengths are different, and so are the planar-vertical (Θ 1 in Fig.1b ) and planar-planar (Θ 2 in Fig.1b) 16, 17 . This basis set is only used for the five largest increments, which are evalueated in X 2 Y 2 H 10 clusters.
The convergence of the incremental expansion has been checked for all substances, but will be discussed here in detail only for SiC. In Table II all required increments are listed for both structures. They rapidly decrease with increasing distance of the bonds involved. The nearest-neighbour two-bond increments are about eight times larger than the weighted sum of all third-nearest ones. After the latter, we truncate the expansion of the correlation energy because with the fourth-nearest neighbours' contribution we reach the van der Waals limit of the correlation energy (decay ∼ r −6 ). The error due to the truncation can be estimated to 0.5% of the correlation energy. The convergence with respect to the number of bonds simultaneously correlated in the incremental expansion is also satisfactory. For SiC, the one-bond increment contributes with 38% of the correlation energy, the two-bond increments are very important (67%) but lead to an overestimation of the correlation energy, which is effectively reduced by the three-bond increments (5%). The most important fourbond increments contribute only with 0.5% to the incremental expansion, and are neglected therefore. Thus, the overall error due to truncation of the incremental expansion is less than 1% of the correlation energy. The shortcomings of one-and many-particle basis sets in the determination of individual increments cause the largest part of the error of the correlation energy. The dependence on the one-particle basis is discussed in detail in Ref. [ 17] for the III-V compounds.
IV. RESULTS AND DISCUSSION
A. Energy difference between wurtzite and zinc-blende structure
As described in section II, we separately optimized the geometries of the zinc-blende and wurtzite structures and determined the total Hartree-Fock energy for each structure at its equilibrium geometry. We compare the two total energies and calculate their difference, ∆E HF w−zb , per two atoms in a.u.. In the second step, we calculated correlation energies, at the Hartree-Fock optimized geometries, for both the zinc-blende and the wurtzite structure using the method of increments described above. The energy difference between the two structures ∆E corr w−zb is calculated for the correlation part. The results are listed in the first column of Table III . In all cases, electron correlation yields the same energetic order of states as Hartree-Fock, but energy differences are enlarged by up to 40% for SiC and for none of the substances are negligible.
For SiC we found that the zinc-blende structure is slightly more stable than the wurtzite one, but the energy difference is so small, that it might be taken as an indication of the occurring polytypism. The LDA calculations lead to the same conclusion, but the absolute value of the relaxed LDA energy difference 7 is even smaller than ours, by about a factor For all III-V nitrides the calculations yield a stable wurtzite structure as experimentally observed. The energy differences are significantly larger than the one for SiC, which clearly indicates that no polytypism exists for the III-V nitrides. The most stable compound in wurtzite structure is AlN, followed by InN and then GaN. For the latter two systems it was also possible to epitaxially grow the zinc-blende structure 20, 21 . In comparison with the LDA results by Yeh et al. 2 , our energy differences are larger again, by about a factor of two, but the trends reproduced are the same. A possible explanation is the following: The LDA gets the long-range interaction right, because the latter can be well described in a mean-field approach, and thus yields the right structure. But the short-range correlations, which can only be described with a many-body theory, have a substantial influence on the total energy and on the energy differences as well.
B. Lattice parameter
In order to find the minimum of the total energy we calculated the optimized HartreeFock geometries for both the zinc-blende and wurtzite structures. The results are listed in For SiC the lattice constants of both structures are slightly too large (by 0.5%), but the c a -ratio of the wurtzite structure perfectly agrees with experiment. This ratio is somewhat larger than the ideal one, which indicates that the zinc-blende structure is more stable than the wurtzite one. The internal-cell parameter u only marginally differs from the ideal one. -ratio is smaller than the ideal one, i.e. the bonds in the direction of the c-axis (Fig.1b, b 1 ) are shorter than those ( (Fig.1b,   b 2 ) of the buckling plane.
Our calculated lattice parameters for the wurtzite structure of AlN agree well with experiment, the The LDA results agree on average quite well with experiment, but are not systematically better than our results. With LDA, there is a small underestimation of the lattice constants, which is a well-known shortcoming of this method. Moreover, the LDA results spread quite a lot.
C. Cohesive energies
The cohesive energy per unit cell is calculated as difference between the total energy of the zinc-blende structure and the free atoms: Table IV. The energy differences between the zinc-blende and wurtzite structure are so small, that they could not be measured so far. We take the experimental cohesive energies from Harrison (Table IV) . The improved basis set (basis B) yields much better results especially for the heavier compounds: whereas the improvement due to the basis set is only 4% for SiC and AlN, for GaN and InN it is up to 7% (Table IV) .
This shows, that excitations from the sp 3 bonds into unoccupied d and f shells are becoming more and more important. Overall we reach on average 91% of the experimental cohesive energy. For comparison LDA results are listed in Table IV , too. They clearly overestimate the cohesive energies (by up to 44%).
D. Bulk moduli
For cubic structures the bulk modulus B = V ∂ 2 E ∂V 2 can be easily derived from the curvature:
Calculation of the bulk modulus for the wurtzite structure would require full geometry optimization at every volume point. Only thus, the correct relaxation behaviour to a homo-geneous pressure would be obtained. We have not performed this time-demanding procedure and restrict ourselves to the bulk moduli of the zinc-blende structure here. The latter have been determined at the optimized Hartree-Fock lattice constant, so that the second term in (5) is zero. The results are listed in Table V .
The Hartree-Fock approximation leads to an overestimation of the bulk moduli by between 10% and 27% . Electron correlations reduce the bulk moduli by allowing an instantaneous response of the electrons to an homogeneous pressure. For a detailed analysis and a discussion of the errors see Ref. 23 . Here we performed correlated calculations for zinc-blende SiC in basis A only, where electron correlations reduce the bulk modulus only slightly (see Table V ). A further improvement of the one-particle basis set is expected to yield a further reduction. The LDA results are in better agreement with experiment than ours. In Table   V , we list LDA results for both zinc-blende and wurtzite structure in order to show that the structural influence on the bulk moduli is small. Kim et al. 5 even claim that the uncertainty of their calculations is larger than the difference between the bulk moduli of the two structures.
V. CONCLUSION
We have performed correlated ab initio calculations for SiC and III-V nitrides in the zincblende and wurtzite structures. The mean-field part has been determined for the periodic solid using the program package Crystal92. 
